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Abstract

The students developed a testing apparatus and procedure capable of characterizing
the ignition delay and ignition performance of an augmented spark igniter in a reduced
pressure environment. To fulfill this goal, the students designed and fabricated a vacuum
chamber system for use in such tests. A standard testing procedure was developed for the
system. Testing was completed using an igniter provided by the UAH Propulsion Research
Center, with gaseous-methane (GCH4)/gaseous-oxygen (GOX) propellants. The
development of the apparatus and procedures as well as the resulting characterized
performance of the igniter is reported.
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Introduction

The intended goal of this project was to design, build and test a reduced pressure
environment chamber for small-scale combustion devices such as liquid/gaseous
propellant ignition systems as well as to collect experimental data on the effect of reduced
pressure environments on the reliable ignition of small-scale combustion devices utilizing
electric spark discharge. The small combustion device chosen was an Augmented Spark
Igniter. An Augmented Spark Igniter (ASI) is a small combustion device that taps off a small
amount of the engine’s propellant and passes it through an electric spark discharge system.
The flame created from this ignition event is then used to ignite the main propellants of the
engine.
This system is intended for future use by the UAH Propulsion Research Center (PRC)
for the characterization of upper stage ignition systems. The experimental data collected by
testing the PRC’s Augmented Spark Igniter will add to the useful information on upper
stage ignition of liquid propellant rocket engines (LPRE’s). The PRC contributed the use of
their igniter, test stand, and facilities for the hot fire testing of the system. Furthermore, the
PRC provided a pressure vessel that was determined to be suitable for adaptation as a
vacuum chamber.
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Chapter 1: Design
In order to test igniters, the students needed to develop a testing apparatus that
could subject an igniter to a reduced ambient pressure. The students determined that a
vacuum chamber would be the optimum solution. Therefore, a vacuum chamber of
sufficient size was obtained, and adapter hardware to interface the chamber with an igniter
was developed.
Chamber Sizing
In order to make an informed decision on the choice of vacuum chamber, the
students developed a set of performance specifications. These were the following:
•

The chamber shall be able to attain a vacuum of 1 psia.

•

The chamber shall maintain a vacuum of 1 psia +/- 0.5 psia with a 1.0 sec test of
CH4/O2 at 2.4 g/s at O/F of 1.8,

•

The chamber shall maintain a vacuum of 1 psia for over 15 sec without propellant
flows.
In order to determine the size of tank necessary for these tests, Rocket Propulsion

Analysis version 1.2.8 (RPA) (Alexander Ponomarenko 2017) can be used to find the
products of a nominal combustion event of the PRC ASI. This result is shown in Figure 1.

Figure 1: RPA Output
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After the mass fractions of the products were determined, Dalton’s Law of Partial
Pressures (Sutton and Biblarz 2010) was applied using Equation 1.
𝑃𝑡𝑜𝑡𝑎𝑙 =

𝑚1 𝑅1 𝑇1 𝑚2 𝑅2 𝑇2 𝑚3 𝑅3 𝑇3
+
+
+⋯
𝑉
𝑉
𝑉
Equation 1

Where:
V = total volume
m = mass fraction
R = specific gas constant
T = Temperature of the constituent part
All combustion products are assumed to be at the exit temperature predicted by
RPA, and the vacuum chamber air is assumed to be at atmospheric temperature due to its
high volume and the low rate of heat transfer to the air. This was implemented in MATLAB,
and a manual iteration process was performed using initial chamber volume to find a result
of 1.3935 psia chamber pressure at a volume of 0.5 m3. This increase in chamber pressure
due to the combusted products fits within defined specifications. Note, this will be the
momentary maximum pressure as the gases will eventually cool and contract. After a
volume was determined, the search began to find a suitable vessel that would support the
demanding pressure requirements as well as the volume requirement. A vessel was found
in the PRC Boneyard and was determined to be ideal for this application. Figure 2 shows
the state of the vessel when found.
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Figure 2 - Vacuum Chamber Initial Condition
CAD Design
Having identified a viable vacuum chamber, it was necessary to design and fabricate
adapter hardware to physically interface the igniter with the chamber. The chamber had a
total of five access ports that needed sealing as shown in Figure 3. Additionally, the
chamber did not contain any sight ports in order to observe the exhaust plume of the
igniter. Using Solid Edge CAD software to model the adapter parts, a solution was
developed that sealed the necessary ports, interfaced with the igniter, and provided a sight
tube that could facilitate visual observation of the igniter during testing.
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Figure 3 – Vacuum Chamber Access Ports
The adapter hardware, as shown in Figure 4 and Figure 5, consists of nine pieces.
The top adapter plate, the main adapter plate, and the port covers were machined from Al6061-T6. The flanges and clear sight tube were machined from clear polycarbonate plastic.
These pieces bolted together as shown, then bolted to the top plate of the chamber.

Figure 4 – Adapter Hardware, Exploded View
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Figure 5 – Igniter and Adapters Assembled on Vacuum Chamber.
Stress Calculations
Under vacuum, the main adapter plate and sight tube are subject to pressure
buckling. In order to verify that the parts could support the pressure loads, buckling
calculations were performed. Equation 2 (Beardmore 2012) is the buckling equation for a
circular flat plate, and was used to calculate the minimum thickness for the main adapter
plate.
𝜎𝑚 =

3(3 + 𝜈) 𝑝 𝑟 2
8 𝑡2

Equation 2
Where:
𝜎𝑚 is the max stress in the plate
𝜈 is Poisson’s ratio of plate material
p is the pressure
r is the radius of the plate
t is the plate thickness.
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Al-6061-T6 has a Poisson’s ratio is 0.33, and a yield stress of 30,000 PSI. The radius
of the plate was 9 in. Using an industry standard safety factor of 3.5 for vacuum chambers,
Equation 2 can be used to solve for the minimum allowable thickness for the main adapter
plate of approximately 0.42 in. Therefore, the main adapter plate was machined from 0.5 in.
thick stock.
Similarly, Equation 3 (Hauviller 2012) was used to calculate the tube buckling of the
sight tube.
𝜎𝑚 =

3(3 + 𝜈) 𝑝 𝑟 2
8 𝑡2

Equation 3
Where:
𝑃𝑐𝑟 is the buckling pressure for a tube
E is the modulus of elasticity for the tube material
𝜈 is Poisson’s ratio for the material
R is inner radius of the tube
t is the wall thickness.
Using this equation, it was determined that a 3 in. polycarbonate tube with ¼ in.
walls would not buckle under vacuum.
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Chapter 2: Fabrication
Once the design of the adapter hardware was complete, the students obtained the
necessary material stock and machined the parts at the UAH student machine shop.
Toolpaths for the machining of the parts were created from the CAD models using Surfcam
computer aided manufacturing software. The parts were then machined on a Hass Vf-1
vertical milling center. Figure 6 shows the main adapter plate as it is being machined on the
VF-1.

Figure 6 – Machining the Main Adapter Plate
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Chapter 3: Testing
Reduced pressure testing is necessary for upper stage propulsion systems to ensure
that the processes and stability designed and tested on the ground are sound when
subjected to conditions of altitude. The vacuum chamber developed allows for testing of
systems at conditions up to 62,000 ft.
Facility
The testing was performed at the UAH Propulsion Research Center’s Johnson
Research Center Complex at the Hot-Fire Test Stand. The igniter provided by the PRC was
an in-house design using simple direct-spark ignition of the ASI. Feedlines to the igniter
were cleaned to 300A oxygen service cleanliness. The method used for
limiting/determining mass flow to the igniter was by way of sonic orifice. This method
utilizes the equations for isentropic flow to relate mass flow to the upstream pressure and
gas characteristics. This equation is provided in Equation 4.

Equation 4
A schematic of the facility is provided in Figure 7. The testing performed was
utilizing gaseous methane as the fuel and gaseous oxygen as the oxidizer at an intended
mass flow condition of 2.4 g/s and an oxidizer to fuel ratio of 1.8.
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Figure 7 - Facility Diagram
Process/Procedure
After the facility was setup and the vacuum chamber and roughing pump put in
place, the students setup propellants and performed blowdown tests. After confirming
ignition at sea level pressure, the chamber was closed off via both a manual relief valve and
a remote relief valve and pumped down to the desired test condition. This was repeated as
needed for all tests. At the end of testing, the chamber was allowed to equalize with
ambient pressure. These steps are outlined in a Standard Operating Procedure (SOP) of
which an excerpt is included in Appendix C outlining the vacuum chamber steps.
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Chapter 4: Results
The results of the test show no direct impact on the measurable performance of the
igniter. Twelve tests were performed at various vacuum chamber pressures. Table 1 details
the intended conditions for the test campaign.
Table 1 - Test Parameters

Test #
Test 1
Test 2
Test 3
Test 4
Test 5
Test 6
Test 7
Test 8
Test 9
Test 10
Test 11
Test 12

Mass Flow

O/F Ratio

Vacuum Pressure

[g/s]
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4

[-]
1.8
1.8
1.8
1.8
1.8
1.8
1.8
1.8
1.8
1.8
1.8
1.8

[psia]
14.7
14.7
12.0
10.0
8.0
6.0
4.0
4.0
2.0
1.0
1.0
14.7

Pressures & Timings
Figure 8 shows the chamber pressure for Test 1. This test was performed at ambient
pressure. It can be seen in the figure that steady state chamber pressure was not fully
realized but can be determined to exist between 750 and 850 ms after first spark event.
Test 1 was at an environmental pressure of 14.6668 +/- 0.00009 psia and had a total mass
flow rate of 2.892 +/- 0.149 g/s with a chamber pressure of 41.597 +/- 0.244 psig and O/F
of 1.796 +/- 0.171. Figure 9 shows the Vacuum Chamber Pressure for this test and the
deviation from initial pressure that the chamber has during the course of the test.
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Figure 8 - Test 1 Chamber Pressure

Figure 9 – Test 1 Vacuum Chamber Pressure
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Test 2 was a repetition of Test 1 for verification purposes. Test 3 was at an
environmental pressure of 11.7722 +/- 0.0001 psia and had a total mass flow rate of 2.890
+/- 0.146 g/s with a chamber pressure of 41.735 +/- 0.257 psig and O/F of 1.793 +/- 0.175.
Figure 10 shows the chamber pressure of the igniter during the test, and Figure 11 shows
the vacuum chamber pressure during the test.

Figure 10 - Test 3 Chamber Pressure

Figure 11 - Test 3 Vacuum Chamber Pressure
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Test 4 was at an environmental pressure of 9.9881 +/- 0.00008 psia and had a total
mass flow rate of 2.885 +/- 0.150 g/s with a chamber pressure of 41.817 +/- 0.284 psig and
O/F of 1.793 +/- 0.174. Figure 12 shows the chamber pressure of the igniter during the
test, and Figure 13 shows the vacuum chamber pressure during the test.

Figure 12 - Test 4 Chamber Pressure

Figure 13 - Test 4 Vacuum Chamber Pressure
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Test 5 was at an environmental pressure of 7.7584 +/- 0.0001 psia and had a total
mass flow rate of 2.886 +/- 0.149 g/s with a chamber pressure of 41.704 +/- 0.272 psig and
O/F of 1.790 +/- 0.171. Figure 14 shows the chamber pressure of the igniter during the
test, and Figure 15 shows the vacuum chamber pressure during the test.

Figure 14 - Test 5 Chamber Pressure

Figure 15 - Test 5 Vacuum Chamber Pressure

Hicks / Unruh Honors Project Report

17

Test 6 was at an environmental pressure of 5.7011 +/- 0.00009 psia and had a total
mass flow rate of 2.884 +/- 0.148 g/s with a chamber pressure of 41.601 +/- 0.248 psig and
O/F of 1.791 +/- 0.175. Figure 16 shows the chamber pressure of the igniter during the
test, and Figure 17 shows the vacuum chamber pressure during the test.

Figure 16 - Test 6 Chamber Pressure

Figure 17 - Test 6 Vacuum Chamber Pressure
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Test 7 was at an environmental pressure of 3.8351 +/- 0.0001 psia and had a total
mass flow rate of 2.885 +/- 0.152 g/s with a chamber pressure of 41.052 +/- 0.327 psig and
O/F of 1.791 +/- 0.179. Figure 18 shows the chamber pressure of the igniter during the
test, and Figure 19 shows the vacuum chamber pressure during the test.

Figure 18 - Test 7 Chamber Pressure

Figure 19 - Test 7 Vacuum Chamber Pressure
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Test 8 was at an environmental pressure of 3.9725 +/- 0.00009 psia and had a total
mass flow rate of 2.883 +/- 0.151 g/s with a chamber pressure of 40.909 +/- 0.249 psig and
O/F of 1.791 +/- 0.177. Figure 20 shows the chamber pressure of the igniter during the
test, and Figure 21 shows the vacuum chamber pressure during the test.

Figure 20 - Test 8 Chamber Pressure

Figure 21 - Test 8 Vacuum Chamber Pressure
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Test 9 was at an environmental pressure of 1.9708 +/- 0.0001 psia and had a total
mass flow rate of 2.884 +/- 0.152 g/s with a chamber pressure of 41.248 +/- 0.297 psig and
O/F of 1.791 +/- 0.179. Figure 22 shows the chamber pressure of the igniter during the
test, and Figure 23 shows the vacuum chamber pressure during the test.

Figure 22 - Test 9 Chamber Pressure

Figure 23 - Test 9 Vacuum Chamber Pressure
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Test 10 was at an environmental pressure of 1.3285 +/- 0.0001 psia and had a total
mass flow rate of 2.884 +/- 0.148 g/s with a chamber pressure of 41.260 +/- 0.254 psig and
O/F of 1.793 +/- 0.173. Figure 24 shows the chamber pressure of the igniter during the
test, and Figure 25 shows the vacuum chamber pressure during the test.

Figure 24 - Test 10 Chamber Pressure

Figure 25 - Test 10 Vacuum Chamber Pressure
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Test 11 was at an environmental pressure of 1.4778 +/- 0.00009 psia and had a
total mass flow rate of 2.886 +/- 0.151 g/s with a chamber pressure of 41.013 +/- 0.264
psig and O/F of 1.796 +/- 0.180. Figure 26 shows the chamber pressure of the igniter
during the test, and Figure 27 shows the vacuum chamber pressure during the test.

Figure 26 - Test 11 Chamber Pressure

Figure 27 - Test 11 Vacuum Chamber Pressure
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Test 12 was at an environmental pressure of 7.7584 +/- 0.0001 psia and had a total
mass flow rate of 2.886 +/- 0.149 g/s with a chamber pressure of 41.817 +/- 0.284 psig and
O/F of 1.793 +/- 0.174. Figure 28 shows the chamber pressure of the igniter during the
test, and Figure 29 shows the vacuum chamber pressure during the test.

Figure 28 - Test 12 Chamber Pressure

Figure 29 - Test 12 Vacuum Chamber Pressure
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These tests do not shown any deviation outside of their error bounds due to the
effects of a reduced pressure environment. This may be attributed to the relatively high
chamber pressures in the igniter. Further testing of the igniter with a larger throat or no
throat would be beneficial in order to insure combustion is being triggered at the lower
pressure. Full plots of all relevant pressures and mass flows are provided in Appendix B.
Table 2 shows a breakdown of important datums from the tests.
Table 2 - Test Data Breakdown

Test 1
Test 2
Test 3
Test 4
Test 5
Test 6
Test 7
Test 8
Test 9
Test 10
Test 11
Test 12

𝒎̇𝒐𝒙

𝑼𝒐𝒙

𝒎̇𝒇𝒖𝒆𝒍

𝑼𝒇𝒖𝒆𝒍

𝒎̇𝒕𝒐𝒕𝒂𝒍

𝑼𝒕𝒐𝒕𝒂𝒍

𝑷𝒄

𝑼𝑷𝒄

OF

𝑼𝑶𝑭

𝑷𝒗𝒂𝒄

𝑼𝒗𝒂𝒄

𝑷𝒗𝒂𝒄,𝒎𝒂𝒙

g/s

g/s

g/s

g/s

g/s

g/s

psig

psi

-

-

psia

psi

psia

1.857

0.132

1.034

0.070

2.892

0.149

41.597

0.244

1.796

0.171

14.6668

0.00009

14.8996

1.856

0.133

1.034

0.069

2.889

0.150

41.484

0.260

1.796

0.180

14.6658

0.00009

14.9015

1.855

0.129

1.035

0.069

2.890

0.146

41.735

0.257

1.793

0.175

11.7722

0.00012

12.0635

1.852

0.133

1.033

0.069

2.885

0.150

41.817

0.284

1.793

0.174

9.9881

0.00008

10.2770

1.852

0.132

1.034

0.069

2.886

0.149

41.704

0.272

1.790

0.171

7.7584

0.00010

8.0867

1.850

0.132

1.033

0.068

2.884

0.148

41.601

0.248

1.791

0.175

5.7011

0.00009

6.0315

1.851

0.136

1.034

0.070

2.885

0.152

41.052

0.327

1.791

0.179

3.8352

0.00009

4.1704

1.850

0.133

1.033

0.070

2.883

0.151

40.909

0.249

1.791

0.177

3.9725

0.00009

4.2958

1.851

0.135

1.033

0.070

2.884

0.152

41.248

0.297

1.791

0.179

1.9708

0.00010

2.3527

1.851

0.131

1.033

0.068

2.884

0.148

41.260

0.254

1.793

0.173

1.3285

0.00010

3.3350

1.854

0.134

1.033

0.070

2.886

0.151

41.013

0.264

1.796

0.180

1.4778

0.00009

1.7902

1.856

0.132

1.031

0.067

2.887

0.148

41.191

0.307

1.800

0.173

14.6664

0.00009

14.9317
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Visual Comparison of Exhaust Plume
The sight tube enabled the visual observation of the igniter’s exhaust plume during
testing. Accordingly, high definition and high speed cameras were used to capture video of
the igniter tests. Figure 30 through Figure 34 show the exhaust plume for a selected set of
reduced ambient pressures.
During testing, the igniter exhibited a tendency to produce an initial exhaust flare
upon ignition. Figure 30 shows images taken from the HD video comparing the ignition
flares at different pressures. Figure 31 through Figure 34 show high-speed video sequences
of the ignition flare propagation at 14.7 and 1 PSIA respectively. By examination of the
figures, the ignition flare appears to be more energetic at pressures below 10 PSIA. As the
reduced pressure causes the flare to expand, the combustion becomes more intense.
Figure 35 compares the steady-state combustion exhaust flame at various
pressures. As can be seen from the figure, the flame progressively expands more quickly as
pressure is reduced. This increased expansion of the flame appears to result in a bluer,
hotter flame.
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Figure 30 – Visual Comparison of Ignition Flares

26

Hicks / Unruh Honors Project Report

Figure 31 – High Speed Sequence, Ignition Flare Progression, 14.7 PSIA, 5000 FPS
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Figure 32 – Selected Images from 14.7 PSIA Sequence
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Figure 33 - High Speed Sequence, Ignition Flare Progression, 1 PSIA, 5000 FPS
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Figure 34 - Selected Images from 1 PSIA Sequence
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Figure 35 - Visual Comparison of Steady-State Combustion
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Chapter 5: Lessons Learned
Ultimately, the testing apparatus and procedure were proven to serve as a suitable
system for the testing and characterization of augmented spark igniters in reduced
pressure environments as intended. However, since this project was intended as a learning
experience for the students, attention was given to note any observed limitations of the
design.
Polycarbonate Glue Joint
The polycarbonate flanges were designed and fabricated so that the sight tube
slipped through them. The O-ring seals from the main adapter plate and the top adapter
plate sealed against the ends of the sight tube. The flanges were glued to the ends of the
tube and bolted to the adapter plates. The reasoning behind this design was to isolate the
glue seam from the vacuum. This way, the glue seam would not have to hold any air
pressure. However, in practice, this design subjected the glue seam to excessive stress from
the clamping force of the bolts. The tube assembly is functional as fabricated, but a redesign
could extend the lifespan of the glue seam. A proposed solution would be to design the
flanges with a lip in the center hole. This could be accomplished by machining new flanges
with a 3 in. diameter inner through hole, and then milling the full 3.5 in diameter hole
halfway through the center of the flange. With this redesign, the sight tube would seat into
the flange, but not pass all the way through. The O-ring would seal against the face of the
flange, and the stress from the clamping force of the bolts would not be transferred to the
tube though the glue seam.
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Spark Interference
Spark interference is the cause of much of the ragged data presented in this
document. This issue has plagued the PRC for many test campaigns, and solutions have
been theorized that will hopefully be implemented in time. Solutions to this issue include
floating the exciter circuit and power supply on its own ground such that the return path is
not through the test stand or chamber. Another possible solution is the electrical isolation
of the pressure transducers or the use of shielded transducers. This has a cost penalty but
would aid cleaner data collection.
LabVIEW Timings and Computational Prioritization
The software used to record and observe the tests is LabVIEW. This application is
very powerful in creating graphical user interfaces for the collection and organization of
data. The current implementation of LabVIEW has issues in the prioritization of tasks and
leads to data loss due to buffering and frequent offsets in the start of data recording. The
implementation of a Queue-Driven State Machine model would allow for better
prioritization of tasks. Additionally, an additional handoff between the valve controller and
the LabVIEW application would be useful in such a way that the LabVIEW application gives
a go/ no-go signal to the valve controller such that it then does not lag behind data
recording.
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Conclusion

The igniter’s performance under reduced pressure has been successfully
characterized. The data suggests that, with a sufficient choke point in the igniter, reduced
back-pressures do not have an impact on the igniter’s quantifiable performance, but its
qualitative changes do suggest an impact in the external plume. The plume expands much
further at lower pressures and therefore can interact with a larger surface area. This can
lead to material damage of LPRE’s if not accommodated for. In addition to the data
collected, the testing apparatus and procedure have been proven capable for use in the
characterization of augmented spark igniters in reduced pressure environments and can be
applied to other small combustion devices.
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